In the last decade, intramembrane proteases have gained increasing attention because of their many links to various diseases. Nevertheless, our understanding as to how they function or how they are regulated is still limited, especially when it comes to human homologues. In this regard, here we sought to unravel mechanisms of regulation of the protease rhomboidlike protein-4 (RHBDL4), one of five active human serine intramembrane proteases. In view of our recent finding that human RHBDL4 efficiently cleaves the amyloid precursor protein (APP), a key protein in the pathology of Alzheimer's disease, we used established reagents to modulate the cellular cholesterol content and analyzed the effects of this modulation on RHBDL4-mediated processing of endogenous APP. We discovered that lowering membrane cholesterol levels increased the levels of RHBDL4-specific endogenous APP fragments, whereas high cholesterol levels had the opposite effect. Direct binding of cholesterol to APP did not mediate these modulating effects of cholesterol. Instead, using homology modeling, we identified two potential cholesterol-binding motifs in the transmembrane helices 3 and 6 of RHBDL4. Substitution of the essential tyrosine residues of the potential cholesterol-binding motifs to alanine increased the levels of endogenous APP C-terminal fragments, reflecting enhanced RHBDL4 activity. In summary, we provide evidence that the activity of RHBDL4 is regulated by cholesterol likely through a direct binding of cholesterol to the enzyme.
Rhomboid proteases are an ancient class of intramembrane proteases that received increasing interest in recent years (1). Multiple publications linked rhomboid functions to important cellular processes such as host invasion in toxoplasmodium (2, 3) , innate immunity and regulation of inflammatory signaling (4) , as well as mitochondrial homeostasis (5) . In particular, there is evidence for the involvement of the mitochondrial rhomboid protease presenilin-associated rhomboid-like protein (PARL) 4 in Parkinson's disease and type II diabetes (6 -8) .
In addition, our laboratory recently reported a potential link of the human rhomboid protease RHBDL4 to Alzheimer's disease (9) .
Despite these interesting indications, there is only little information available on how mammalian rhomboid proteases function and how they are regulated (10) . Human rhomboid proteases can be classified into proteolytically active (RHBDL1, RHBDL2, RHBDL3, RHBDL4, and PARL) and inactive pseudoenzymes that have lost the catalytically active residue during evolution (1). We recently found that members of the human amyloid precursor protein (APP) family are substrates of RHBDL4. The cleavage of APP through RHBDL4 is very efficient as full-length APP levels decrease by ϳ80%. Thereby, RHBDL4 generates distinct large APP C-terminal fragments that can be detected from endogenous APP upon RHBDL4 overexpression (9) . Herein, we took advantage of this efficient RHBDL4 -APP enzyme-substrate pair as it is ideal to study regulatory mechanisms of RHBDL4 by monitoring the production of endogenous RHBDL4-specific APP fragments.
It has previously been suggested that the membrane environment alters rhomboid protease activity (11, 12) . Reconstitution of Drosophila Rho-4 and human RHBDL2 in different lipid environments alters not only the activity but also the specificity of the enzyme (13, 14) . Furthermore, RHBDL4 was shown to locate to the endoplasmic reticulum (ER) (15, 16) , a key organelle for lipid synthesis and cholesterol homeostasis. The ER membrane exhibits very low levels of membrane cholesterol (17) and is therefore destined to sense changes in cholesterol levels (18) . Cholesterol homeostasis is predominantly achieved by signaling through the sterol regulatory element-binding protein 2 (SREBP2). As a result of reduced cellular cholesterol levels, SREBP2 is released from the ER and traffics to the Golgi, and after proteolytic processing, the soluble transcription factor fragment is released, which then translocates to the nucleus to induce gene transcription for cholesterol synthesis (19) . Interestingly, APP was previously linked to cholesterol metabolism. The sequence surrounding the APP transmembrane domain, including the GXXXG motifs, was shown to bind cholesterol (20 -22) . Furthermore, APP is able to modulate cholesterol synthesis in an activity-dependent manner in neurons (23) . In addition, high cholesterol levels negatively affect AD pathology, leading to increased A␤ levels mediated by sequential ␤and ␥-secretase cleavages (24 -26) . Finally, the yeast homologue of RHBDL4, Rbd2, was shown to be involved in lipid homeostasis, too (27, 28) . These findings raised the intriguing possibility that RHBDL4-mediated APP processing may be regulated by cholesterol and that RHBDL4 activity in general could be modulated by membrane cholesterol levels. Here, we show evidence that increasing cellular cholesterol levels leads to decreased RHBDL4 activity as determined by decreasing levels of RHBDL4-specific APP fragments, but decreasing cholesterol levels show increased RHBDL4 activity. Furthermore, RHBDL4 itself seems to be able to bind cholesterol via its transmembrane helices. This may transmit cholesterol-dependent regulation of RHBDL4 activity.
Results

Modulating cellular cholesterol levels alters RHBDL4-mediated APP processing
HEK 293T cells endogenously express APP, and we were previously able to show that upon expression of RHBDL4, large endogenous APP CTFs between 10 and 25 kDa in size are generated (9) . Those APP CTFs are specific for RHBDL4 and are not generated or degraded by other proteases. We took advantage of this paradigm and used the generation of endogenous APP CTFs as a measure of RHBDL4 activity to study its regulatory mechanisms.
We first transfected HEK 293T cells with RHBDL4 and respective controls, and treated cells with either simvastatin or low-density lipoprotein (LDL) particles for 24 or 48 h, respectively. Simvastatin is a Food and Drug Administration-approved drug to lower cholesterol synthesis by inhibiting hydroxy-3-methylglutaryl-CoA reductase, the rate-limiting enzyme of cholesterol synthesis (29) . Thus, simvastatin supplementation is an established treatment to decrease cellular cholesterol levels. Conversely, LDL transports and distributes cholesterol throughout the organism and is taken up by cells through receptor-mediated endocytosis, hence leading to increased cellular cholesterol levels (30, 31) .
We found that lowering cholesterol levels upon statin treatment led to a time-dependent increase in 20 -25-kDa large CTFs (1.59-fold at 24 h and 5.33-fold at 48 h, see Fig. 1 , A-C). As observed previously (9) , the CTFs derived from classical ␣or ␤-secretase cleavages (see Fig. 1A , indicated with a yellow arrow) often co-migrate together with a slightly larger 9-kDa RHBDL4-mediated APP CTF, so that this RHBDL4-specific CTF is hard to differentiate from the ␣/␤-CTFs (8 kDa). Furthermore, the anticipated treatment effects on ␣/␤-CTFs have been shown to be oppositional, adding an extra layer of complexity. Although the ␣-CTF was shown to be increased upon decreased cholesterol levels, the ␤-CTF was shown to be decreased (32) (33) (34) (35) (36) . Statin treatment in combination with LPDS is known to not only reduce cholesterol levels but also isoprenoid levels (37) . This treatment paradigm was previously shown to accumulate APP intracellularly in the trans-Golgi network and ER (37) . The observed overall decrease in ␣/␤-CTFs in all statin-treated samples, could therefore be due to a compartmentalization effect. As the gel resolution does not allow for the detection of an anticipated simultaneous increase of the RHBDL4-mediated 9-kDa APP-CTF due to the aforementioned co-migration, we only quantified RHBDL4-specific fragments with sizes between 20 and 25 kDa (see above). In addition, we quantified full-length APP levels, which revealed a significant increase at 24 and 48 h as well (2.03-and 4.86-fold, respectively). It has been reported that isoprenoids are required for APP trafficking through the secretory pathway (37) . To evaluate whether the observed increases in RHBDL4-mediated 20 -25-kDa CTFs are due to defects in APP trafficking or due to modulation of RHBDL4 activity, we co-treated simvastatintreated cells with 0.25 mM mevalonate according to Cole et al. (37) . At 24 and 48 h, co-treatment with mevalonate rescued APP trafficking and normalized APP full-length level to control levels at both time points. Interestingly, at 24 h we still observe a 1.48-fold (p ϭ 0.089) increase in 20 -25-kDa CTFs (Fig. 1G ), which is comparable with results obtained without mevalonate (compare Fig. 1 , C and G). Co-treatment of simvastatin with mevalonate for 48 h showed a trend toward increased CTF levels (1.75-fold (p ϭ 0.24), Fig. 1H ). Overall, decreasing cholesterol levels by statins increased RHBDL4-specific APP CTFs in large part because of altered APP trafficking and higher substrate availability. However, rescuing APP trafficking upon co-treatment with mevalonate still revealed trends toward increased levels of RHBDL4-specific APP CTFs. We therefore sought to use other cholesterol altering methods to substantiate our results.
To increase the cellular cholesterol levels, we treated cells with LDL. However, the effects of LDL treatment on ␣/␤-CTF in cell culture were not fully established. Overall, in our experimental set up, the effects on ␣/␤-CTF are minimal with a trend toward decreased levels. As for the RHBDL4-specific 20 -25-kDa APP-CTFs, we observed a trend toward decreased levels after 24 h of LDL treatment ( Fig. 1D ), which became a significant decrease after 48 h (Fig. 1, E and F) . In neither case did we observe a concomitant decrease of full-length APP levels, suggesting that APP trafficking was not affected in these treatments. Thus, lowering cellular cholesterol levels seemed to stimulate RHBDL4-mediated APP cleavages, whereas elevated cholesterol levels decreased RHBDL4-mediated processing. Furthermore, we tested whether a co-treatment of simvastatin together with LDL would be able to rescue the simvastatinmediated increase in APP CTFs ( Fig. 2A) . Indeed, co-treatment with LDL was able to normalize the increase in APP CTFs caused by simvastatin. It should be noted that mechanistically, simvastatin leads to an overall decrease in cellular cholesterol Low cholesterol stimulates RHBDL4-mediated APP processing mock R4
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levels, presumably in all cellular membranes, including the ER membrane, whereas the uptake of LDL predominantly leads to an increase in membrane cholesterol along the route of its uptake (i.e. plasma membrane, endosome, and lysosome) and affects the ER to a lesser extent. Therefore, and to substantiate the idea that cellular cholesterol levels impact the activity of RHBDL4, we performed additional experiments using other strategies to increase or decrease cholesterol levels.
Site-1-protease (S1P) is the sheddase in the regulated intramembrane proteolysis process of liberating transcriptionally active SREBPs from the membrane (38) . Consequently, S1P inhibition was shown to decrease endogenous cholesterol synthesis by reducing transcriptional activation of the synthesis machinery (39) . Treatment of cells with the S1P inhibitor PF429242 led to a 1.49-fold increase in the 20 -25-kDa RHBDL4-mediated APP CTFs, paralleling the results of the simvastatin treatments ( Fig. 2B ). Interestingly, we observed an increase in the 8-kDa CTF, not only in the RHBDL4 co-expression but also in the mock and inactive RHBDL4 controls, implying that this signal may be mainly due to heightened ␣-secretase activity as mentioned previously. Importantly, the S1P inhibitor does not affect full-length APP levels (determined by quantification of APP full length) or maturation of APP contrary to statins that affect translocation of mature APP to the plasma membrane. Hence, differences in the mechanism as to how each inhibitor functions may explain the results obtained. Based on our findings, we can speculate that the S1P inhibitor does not affect isoprenoid levels, and therefore the results are meaningful with regard to effects mediated by cholesterol.
To further corroborate the idea that decreasing cellular cholesterol levels stimulate RHBDL4 activity, we searched for an assay that did not require the use of a drug. Incubation with FCS deprived of lipoproteins (lipoprotein-deficient serum, LPDS) leads to decreased cellular cholesterol content (37, 40, 41) . We therefore simply compared the effect of FCS versus LPDS on RHBDL4-mediated APP processing. Compared with FCS, LPDS increased the levels of 20 -25-kDa CTFs 1.90-fold, in line with the results observed for simvastatin and S1P treatments ( Fig. 2C ). Furthermore, we observed an increase in 10 -12-kDa CTFs together with a decrease in ␣/␤-CTF (the latter is best observed in the mock-treated samples). There was no change in APP full-length levels observed under these conditions.
Finally, we performed a series of transfections with a constitutively active SREBP2 form, which will lead to continued transcriptional activation of the cholesterol synthesis machinery, and thus it elevates the cellular cholesterol content (42) . Indeed, overexpression of this constitutively active transcription factor almost completely represses the generation of RHBDL4-mediated 20 -25-kDa CTFs as indicated by a 0.4-fold change in signal as compared with control ( Fig. 2D ). Different ratios of RHBDL4 to SREBP2 did not show a dose-response effect, suggesting an all-or-none effect within our experimental timeline. Furthermore, the signal at 8 kDa was increased with active SREBP2 implying that this fragment derived predominantly from ␤-secretase cleavages (it was not further analyzed). Overall, these results supported the idea that increasing levels of cholesterol negatively impact the activity of RHBDL4, but decreasing cellular cholesterol levels trigger RHBDL4 activity.
Cholesterol binding-deficient APP mutants are processed similar to APP WT
There has been a large body of work showing that APP itself can bind cholesterol. Considering that RHBDL4-mediated APP processing seems to be modulated by cholesterol, we delved into the question of whether direct binding of cholesterol to APP regulates substrate recognition. Barrett et al. (20) showed that substitution of selected amino acids to alanine completely abrogates cholesterol binding, i.e. F20A, E22A, I32A, G29A, G33A, and V39A, highlighted in Fig. 3A . Substitutions F19A and S26A only weakly affect cholesterol binding and are expected to have mild effects on RHBDL4 processing. We generated this set of APP mutants and analyzed the cleavage efficiency of RHBDL4. Please note that because RHBDL4 cleaves APP in the ER, full-length APP as well as the 70-kDa ectodomain fragment were detected in the cell lysate. The results revealed that all APP mutants are processed with similar efficiency as compared with WT APP, when analyzing the anticipated decrease in APP full length as well as the APP CTFs ( Fig.  3 , B-D). Two APP mutants, however, stood out. The APP F19A/F20A/E22A mutant showed a trend toward increased levels of RHBDL4-mediated CTFs, although not significant ( Fig. 3E ). Furthermore, this mutant actually showed an additional 6e10-reactive CTF at 7 kDa, which may suggest that loss of cholesterol binding in this case decreased the specificity of the enzyme or that an additional cleavage site was generated through the mutation. Finally, the triple mutant G29A/G33A/ V39A showed significantly less RHBDL4-mediated CTFs than the WT, contrary to our expectations. It is possible that these three mutations prevent substrate recognition by RHBDL4, but they might also alter the half-life of the fragments. Overall, the results suggest that direct binding of cholesterol to APP does not lead to alterations in RHBDL4-mediated APP processing.
Does cholesterol directly bind to RHBDL4?
Based on the results so far, we considered the possibility that cholesterol may bind directly to RHBDL4 and thereby modulate the enzyme's activity. Two consensus sequences for cholesterol-binding sites have been described. The cholesterol recognition amino acid consensus sequences (CRAC) ((L/V) X (1-5) YX (1-5) (R/K)) and its "mirror code" CARC ((R/K)X (1-5) (Y/F)X (1-5) (L/V)) (43). Although the predictive nature of these consensus sequences has not been well established, it is known that they are found in a great variety of proteins that were shown to bind cholesterol such as the acetylcholine receptor (44) or mouse caveolin (45) . Moreover, amino acid exchange of the central tyrosine residue was reported to completely abrogate cholesterol binding (45, 46) . After screening the RHBDL4 amino acid sequence, several potential CRAC and CARC motifs were identified ( Fig. 4A ).
To determine whether such motifs would allow binding of cholesterol, we first generated a homology model of RHBDL4 (Fig. 4B ). Based on this model, we found that the motifs in helix 3 containing Tyr-106 and in helix 6 containing Tyr-205 align within a transmembrane sequence of RHBDL4. Also, Tyr-106 and Tyr-205 almost oppose each other in the homology model, suggesting the possibility that binding of cholesterol to these Low cholesterol stimulates RHBDL4-mediated APP processing 
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two helices could put conformational constraint on the enzyme and thus perhaps transmit signals toward the active center of the enzyme as initially proposed for GlpG ( Fig. 4B) (47) . Interestingly, the CARC motif in transmembrane helix 6 is conserved between 72 species with Tyr-205 being conserved to 100% between species indicating that this motif, or at least the tyrosine residue, is important for the function of the enzyme (Fig. 4C) . Similarly, the degree of conservation of Tyr-106 over 72 species was 81.7% (data not shown). We therefore replaced Tyr-106 and Tyr-205 with alanine and anticipated that the mutations should abrogate cholesterol binding. Hence, one would expect enhanced enzyme activity as observed for the statin, S1P inhibitor, and LPDS treatments. Expression of either RHBDL4 Y106A, Y205A, or Y106A/Y205A mutant led to significant increases in 20 -25-kDa endogenous APP CTFs as compared with WT (1.72-, 2.04-, and 1.76-fold compared with WT, respectively). Similarly, we observed an increase in 8 -12-kDa fragments for all tyrosine mutants, implying that in this experimental set up the signal is mostly derived from RHBDL4 activity. Notably, endogenous APP full-length levels increased as well upon transfection of RHBDL4 mutants when compared with WT RHBDL4 (Fig. 4D, Y106A , 1.23-fold; Y205A, 1.72fold; and Y106A/Y205A, 1.6-fold). These changes, however, are not due to an increase in APP mRNA levels compared with RHBDL4 WT-transfected cells (Fig. 4F) .
To further corroborate that the RHBDL4 mutants are deficient in cholesterol binding, we reasoned that the RHBDL4 mutants should be unresponsive to LPDS treatment and thus should not increase APP CTFs compared with FCS. We performed these experiments with a slightly different treatment paradigm, where we started a 24-h treatment 12 h post-transfection as RHBDL4 mutants seemed to be slightly less stable than wild type (WT). As shown in Fig. 4G , LPDS treatment increased the 20 -25-kDa CTFs in RHBDL4 WT-expressing cells as compared with FCS, although not statistically significant anymore due to the altered treatment paradigm (Fig. 4G) . Surprisingly, we also noted an overall increase in 8 -12-kDa CTFs, fitting our observation from Fig. 2C that ␣/␤-CTFs comigrate with an RHBDL4-mediated CTF. Importantly, the increase in 20 -25-kDa APP CTFs upon LPDS treatment was completely abolished for the Y106A mutant as well as the double mutant Y106A/Y205A. The single mutant RHBDL4 Y205A seems to still be responsive to cholesterol but to a lesser extent than WT (Fig. 4H ). Finally, we performed pulldown experiments with biotinylated cholesterol and neutravidin beads, assuming that RHBDL4 WT would be precipitated with cholesterol, although the mutants would not. As shown in Fig. 4I , RHBDL4 WT precipitated specifically in samples that were incubated with cholesterol, although Y106A and Y205A did not precipitate. The double mutant Y106A/Y205A was pulled down with cholesterol to a lesser extent than WT, but it also precipitated in the sample where no cholesterol was added. In summary, our data support the intriguing possibility that RHBDL4 binds cholesterol and that this interaction regulates RHBDL4 activity.
Discussion
Human rhomboid proteases have been vastly understudied when it comes to the study of intramembrane proteases, mostly due to the lack of known substrates with proven in vivo relevance or useful tools such as recombinant expression system or inhibitors to study their kinetics or mechanisms of action (48) . Our recent finding that APP is exceptionally well cleaved by RHBDL4 in its ectodomain enabled us to use this robust cleavage as an indirect readout for RHBDL4 activity (9) .
Here, we describe a potential mechanism of regulation for a human rhomboid protease. Upon various different treatments and transfection schemes, we were able to show that lowering cellular cholesterol levels leads to an increase in RHBDL4-mediated APP CTF levels, indicating enhanced RHBDL4 activity. Conversely, increasing cellular cholesterol levels led to a decrease in RHBDL4-mediated APP-CTFs and hence a decrease in RHBDL4 activity. With RHBDL4 localizing to the ER, it is further assumed that changes in cellular cholesterol levels will lead to changes in ER cholesterol levels (49) ; however, determining ER cholesterol levels has proven challenging and beyond the scope of this paper.
Simvastatin treatment in lipoprotein-deficient serum does not only reduce cholesterol levels but also isoprenoid levels, leading to changes in trafficking through the secretory pathway (37) . This may explain the observed accumulation of immature full-length APP upon simvastatin treatment and the concomitant decrease in ␣and ␤-CTFs. To circumvent these effects, we co-treated the samples with mevalonate and were able to fully rescue APP trafficking defects. Furthermore, we still observed trends toward increased levels of RHBDL4-mediated APP CTFs. The mevalonate co-treatment enabled us to discriminate between APP trafficking-mediated effects on CTF generation and cholesterol-dependent effects. Furthermore, no effects on APP full-length levels were observed for S1P inhibitor or LPDS treatment. Overall, we conclude that all three cholesterol-lowering assays increased RHBDL4 activity to a similar extent. In contrast, different assays with the aim to increase cellular cholesterol levels showed decreased levels of RHBDL4-mediated APP CTFs, suggesting decreased RHBDL4 activity upon high cellular cholesterol content. Interestingly, in the mock-treated samples, we observed a time-dependent decrease in ␣/␤-CTF Figure 3 . Cholesterol binding-deficient APP mutants are processed by RHBDL4 similar to WT. A, scheme of the APP transmembrane region as well as ␣-, ␤-, and ␥-secretase cleavage sites. Binding sites for cholesterol in APP are highlighted; substitution to alanine either abrogates cholesterol binding (red) or only weakly affects it (light red) according to Barrett et al. (20) . B and C, analysis of processing of cholesterol binding-deficient APP mutants compared with APP WT. Co-transfection of RHBDL4 active or inactive with APP cholesterol binding-deficient mutants. Samples were analyzed regarding full-length APP levels, APP ectodomain (ecto). fragment (both in B), as well as RHBDL4-mediated CTFs (C). Detection of APP full length and APP ectodomain was performed with 22C11, CTFs with either 6e10 (upper two panels in B), or anti-FLAG. RHBDL4 detected with anti-Myc antibody and ␤-actin as a loading control. D and E, decrease in full-length APP was quantified and compared with WT (80%) (9) and taken as a measure of processing efficiency. Full-length levels (D) were quantified, normalized to ␤-actin, calculated as % of inactive, and then displayed as fold change compared with WT. In a similar fashion, 10 -25-kDa APP CTF levels were quantified, normalized to ␤-actin, and directly compared with WT. Mean Ϯ S.E. is depicted, n ϭ 3-4, p values for Holm-Bonferroni corrected one sample t test are reported. 
Low cholesterol stimulates RHBDL4-mediated APP processing
upon LDL treatment that might reflect an effect on APP trafficking rather than effects on the secretase themselves.
It is important to note that the physiological role of RHBDL4-mediated APP CTFs is currently not clear, and further investigation may be interesting considering the recently increasing interest in large APP CTFs as precursors of novel A fragments (50, 51) . Additionally, it is interesting to note that elevated cholesterol levels are known to increase A␤ levels, whereby our data suggest that RHBDL4 activity will be decreased under these conditions. Conversely, activating RHBDL4 by lowering cholesterol levels could decrease A␤ levels, assuming that full-length APP would be degraded in the ER by RHBDL4 circumventing its trafficking to the plasma membrane. Thus, RHBDL4-mediated APP processing may be pronounced under low cholesterol conditions, whereas high cellular cholesterol levels would drive amyloidogenic APP processing.
It has been demonstrated using nuclear magnetic resonance (NMR) that the transmembrane sequence (TMS) of APP binds cholesterol through direct interactions of cholesterol with selected amino acids (20, 21) . Amino acid exchanges at these positions to alanine abrogate binding (as indicated in Fig. 3A ).
To answer the intriguing question whether or not the cholesterol sensitivity of the RHBDL4 -APP processing pathway is mediated directly by APP, we anticipated that binding of cholesterol to APP might be necessary to either mediate specificity, orient the enzyme and substrate correctly toward each other, or restrict access of the substrate to the active center. Therefore, we assumed that cholesterol binding-deficient APP mutants would undergo enhanced RHBDL4-mediated processing. Cleavage efficiency was assessed by analyzing the decrease in APP full-length levels and generation of RHBDL4-specific fragments. Overall, all APP mutants were processed similar to WT in this analysis scheme regarding the published 80% decrease in full-length APP WT, when co-expressed with RHBDL4. Furthermore, we observed similar levels of the APP ectodomain fragment for all APP mutants, indicating that cholesterol binding to APP does not mediate or restrict substrate access to the active center of RHBDL4 and thus does not alter cleavage efficiency. Analysis of the APP-CTF pattern did not reveal striking observations either indicating that cholesterol binding to APP is not involved in orienting the enzyme and substrate. The triple mutant F19A/F20A/E22A showed the appearance of an extra and smaller band that was 6e10-reactive but not FLAG-reactive (the tag sits at the very C terminus) suggesting an additional membrane cleavage by RHBDL4. This observation could be explained by data from Moin and Urban (13) showing that membrane alterations could lead to a loss of cleavage specificity in the case of the bacterial rhomboid GlpG. Finally, the significant decrease in RHBDL4-mediated APP CTFs from the APP triple mutant G29A/G33A/V39A might again argue for a different stability of these CTFs.
Because binding of cholesterol to APP seemed to be a minor factor in mediating the stimulating or repressing effects of cholesterol on RHBDL4 activity, we considered a direct binding of cholesterol to the enzyme. Literature research revealed that specific amino acid sequences known as CRAC, and the mirror version CARC (see Fig. 4A ), are known motifs, able to bind cholesterol via a TMS or in juxtamembrane regions (43, 45) . Screening of the human RHBDL4 sequence exposed multiple potential CRAC and CARC motifs in RHBDL4, hinting toward the intriguing ability of RHBDL4 to bind cholesterol via its TMS. Analysis of all these potential binding motifs in a homology model of RHBDL4 (Fig. 4B ) suggests that the motif in TMS3 surrounding Tyr-106 and the motif in TMS6 surrounding Tyr-205 are the most likely candidates to bind cholesterol. In either case, all necessary amino acid residues involved in binding cholesterol lined up on one site of the helix (Fig. 4B) , and the side chains of these groups from both TMS3 and TMS6 are oriented toward the same potential cholesterol-binding cleft. A caveat of our analysis is that we rely on a homology model, and thus the accuracy of the orientation of specific amino acid side chains is difficult to assess. Nevertheless, we suggest that binding of cholesterol at the binding cleft proposed here might restrict the structural dynamics of the enzyme and thereby impair either substrate gating or enzyme activity. Hence, we anticipated that mutations of the necessary tyrosine residues should abrogate cholesterol binding and increase APP cleavage, which we did observe for both single mutants and the double mutant. However, the effect of single mutations compared with the double mutation was not additive, suggesting that mutating a single cholesterol-binding site might affect the overall binding of cholesterol to the cleft. Furthermore, we observed differences in responsiveness to LPDS treatment between these RHBDL4 mutants. RHBDL4 Y106A as well as the double mutant Y106A/Y205A were unresponsive to LPDS Figure 4 . Identification of potential cholesterol-binding motifs in RHBDL4. A, human RHBDL4 protein sequence is displayed with the six transmembrane regions highlighted in gray (determined by homology with GlpG). Furthermore, potential CRAC motifs and the mirror version (CARC) are highlighted. B, RHBDL4 homology model based on GlpG crystal structure. The molecular image was generated using Visual Molecular Dynamics (57) . Serine 144 and histidine 195 are displayed as sticks and form the active center. Tyr-106 in TMS3 and Tyr-205 in TMS6 are highlighted. C, comparison of RHBDL4 sequences from a total of 72 species (11 examples displayed here) show a high degree of conservation across species for the CRAC motif in TMS6. D, point mutations in RHBDL4 increase protease activity. Tyr-106 and Tyr-205 were mutated to alanine. RHBDL4 mutants were transfected into HEK 293T cells, and the generation of endogenous APP CTFs was determined by Western blot analysis. Representative Western blotting of 7-9 independent experiments is displayed. F, analysis of APP mRNA levels upon transfection of RHBDL4 WT, Y106A, Y205A, and Y106A/Y205A. No significant differences for APP mRNA were detected. GAPDH and ␤-actin served as reference genes. Data are displayed as mean expression Ϯ S.E., n ϭ 3. One-way analysis of variance followed by Dunnett's post hoc comparison with WT as control was performed. G, RHBDL4 mutants are not responsive to LPDS treatment. 12 h post-transfection, HEK 293T cells were treated with either 10% FCS or LPDS in DMEM for 24 h. A representative Western blotting of six independent experiments is shown. E and H, APP CTFs or APP full length were quantified, and results were normalized to ␤-actin and then either compared with WT (D) or FCS treatment (F). D, WT was set to 1 and is indicated by the blue dashed line, and F, FCS-treated samples were set to 1. Mean Ϯ S.E. are displayed, n ϭ 6 -9 as stated above, p values for Holm-Bonferroni corrected one sample t test are reported. I, pulldown of RHBDL4 with biotinylated cholesterol. RHBDL4 WT and mutants were transfected, and membrane preparations were incubated with alkyne-cholesterol. After clicking biotin-azide to cholesterol, a neutravidin pulldown was performed. Total cell lysates were collected before the click chemistry was performed, and the Western blotting shows expression of RHBDL4 WT and mutants. Representative Western blots of 3-4 independent experiments are shown. D, F, and I, detection of APP full length and endogenous CTFs with Y188, RHBDL4 with anti-Myc antibody, and ␤-actin as a loading control.
Low cholesterol stimulates RHBDL4-mediated APP processing treatment, i.e. we observed no increase in APP CTF as compared with WT RHBDL4. RHBDL4 Y205A showed an attenuated response as compared with WT RHBDL4. Please note that due to the altered treatment paradigm in Fig. 4G compared with Fig. 2C , and the consequently reduced effect size, we only observed trends. The attenuation could possibly be explained by different interactions of this residue with Trp-103 in helix 3, as suggested by our homology model. In addition, we noticed that the expression of RHBDL4 Y205A and Y106A/Y205A significantly increased endogenous APP full-length levels, whereas APP mRNA levels are unaltered (Fig. 4F) . These results seem to suggest secondary effects of these RHBDL4 mutants. It is possible that the APP-RHBDL4 pair acts as a cholesterol sensor and regulates RHBDL4-mediated APP processing, and trafficking is required for cholesterol homeostasis. It should be mentioned here that a recent publication suggested a role for RHBDL4 in the ER export of proteins (16) , which could be relevant for APP as well. RHBDL4 mutants may be defective in mediating ER export of proteins and therefore show accumulation of immature APP. Thus, cholesterol binding to RHBDL4 might not only alter its proteolytic activity, but perhaps also its chaperoning activity.
To substantiate the idea that RHBDL4 indeed binds cholesterol, we performed cholesterol pulldown experiments. As expected, these experiments imply a strong interaction between RHBDL4 WT and cholesterol, whereas Y106A and Y205A could not be pulled down with biotinylated cholesterol. The double mutant Y106A/Y205A was precipitated without cholesterol present, suggesting unspecific interactions with the beads. This might be indicative of a less stable folding of this mutant or an exposition of hydrophobic residues. However, this mutant consistently showed a slightly stronger signal for RHBDL4 upon cholesterol pulldown as compared with the negative control, which may derive from unspecified interactions with cholesterol. Overall, only RHBDL4 WT precipitated strongly and specifically with biotinylated cholesterol, as anticipated.
Finally, we analyzed the degree of conservation between species for these cholesterol-binding motifs in RHBDL4, showing high percentages for the CRAC motif in TMS6 (between 95 and 100% for all necessary amino acids) and above 80% for the tyrosine of the CARC in TMS3.
Overall, our data imply the captivating possibility that RHBDL4 itself can bind cholesterol via its TMS and that cholesterol binding in turn could mediate substrate gating or recognition and regulate enzyme activity. So far, the crystal structures for bacterial homologues indicated substrate gating without the involvement of TMS3 or TMS6. However, modeling data from Bondar et al. (47) suggested that multiple hydrogen bonds along helix 3 of GlpG might be necessary to couple the L1 loop to TMS2/5 and that remote structures such as the rigid TMS3 might be important for enzyme activity. In this regard, binding of cholesterol to TMS3 of RHBDL4 might add rigidity to the enzyme, which may explain why abrogation of cholesterol binding increased the enzyme's activity.
Finally, it has to be noted that our readout of activity has been the RHBDL4-mediated generation of APP CTFs, and we cannot rule out that some effects in part are mediated by APP itself, especially considering that APP was proposed as an upstream regulator of transcriptional repression of cholesterol synthesis (23) . Pierrot et al. (23) suggested that the interaction of APP with SREBP prevented its processing by site-2 protease, thereby reducing overall cholesterol synthesis. Consequently, cholesterol levels in the ER would drop, and this would, according to our data presented herein, lead to RHBDL4 activation and APP degradation, which would then allow SREBP2 processing again to induce cholesterol synthesis. This potential interaction cycle has, however, to be investigated experimentally. Overall, our findings suggest that RHBDL4 itself may act as a cholesterol sensor in the ER. It will be interesting to reveal how this regulation may be connected to APP processing in vivo.
Conclusion
Here, we showed that membrane cholesterol can alter the activity of a human rhomboid protease, RHBDL4. Our results demonstrated that cholesterol diminishes RHBDL4 activity implying that the steroid backbone may constitute a starting point for the development of RHBDL4 inhibitors. Because there is currently a lack of selective and efficacious inhibitors for mammalian rhomboid proteases, our results might prove useful with regard to the development of inhibitors.
Materials and methods
DNA constructs
Plasmid pCMV6 containing cDNA encoding for human RHBDL4 with a C-terminal Myc-FLAG tag was obtained from OriGene. Inactive RHBDL4 S144A was generated by site-directed mutagenesis using the forward primer 5Ј-GCTGTAGG-TTTCGCAGGAGTTTTGTTT-3Ј and the reverse primer 5Ј-AAACAAAACTCCTGCGAAACCTACAGC-3Ј. Mutants deficient in cholesterol binding, namely RHBLD4 Y106A, RHBDL4 Y205A, and RHBDL4 Y106/205A, were cloned using gene blocks from IDT. Specifically, gene blocks were dissolved in H 2 O at a concentration of 10 ng/l, of which 4 ng/l DNA were digested using XbaI and XmaI restriction enzymes. Enzymes were subsequently heat-inactivated at 65°C for 20 min, and samples were ready for ligation. 1 g of pCMV6 vector encoding hRHBDL4 cDNA plasmid was digested using the same restriction enzymes, treated with alkaline phosphatase to avoid re-ligation of the vector, and purified from gels. With 50 ng of the vector, the digested gene blocks were ligated at different vector-to-insert ratios using T4 DNA ligase (New England Biolabs) at room temperature overnight (16 -18 h) . The ligation samples were pooled and transformed via heat shock. Cells were plated on kanamycin agar plates and incubated overnight at 37°C. DNA constructs of single colonies were then purified (Qiagen), and full sequences were confirmed using DNA sequencing by Genome Quebec. Untagged APP695 in pcDNA3.1 (Invitrogen) was provided as a kind gift of Dr. Claus Pietrzik, Johannes Gutenberg University, Mainz, Germany, and served as a template for all APP695 cholesterol bindingdeficient mutants. All described APP mutants were cloned using gene blocks (IDT) as mentioned above and using the restriction enzymes EcoRI and XbaI. All constructs were generated with a C-terminal FLAG tag. pIR-NT_hSREBP2-NT with a V5 tag was provided as a kind gift by Dr. Nabil Seidah, IRCM,
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Montreal, Canada. All expression vectors were verified by dideoxy sequencing (McGill Génome Québec Sequencing Center).
Cell culture and transfection
HEK 293T cells were used for all experiments, cultured at a confluency of 80 -90% in Dulbecco's modified Eagle's medium (DMEM) containing 4.5 g/liter glucose, 0.584 g/liter L-glutamine, and 0.11 g/liter sodium pyruvate (Wisent) and supplemented with 10% FCS (Wisent), at 37°C, and 5% CO 2 . 2 ϫ 10 5 cells per well (12-well plates) were seeded 24 h prior to transient transfections. Cells were transiently transfected with 1 g of DNA and 2 l of polyethylenimine (PEI) per 12 wells. For cotransfections, a DNA ratio of APP to rhomboid protease of 5:1 was used. In the case of NT-SREBP2 co-transfections with RHBDL4, DNA ratios of 1:1 or 1:2 for NT-SREBP2 to RHBDL4 were used. 36 h after transfection, cells were subjected to different treatments or lysed with TNE-lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, and complete protease inhibitors, Roche Applied Science) and prepared for SDS-PAGE. In all cases, 4ϫ LDS sample buffer (with 10% ␤-mercaptoethanol, Invitrogen) was added to the samples for a final concentration of 1ϫ.
Cell culture treatments
The cell culture medium was replaced 36 h after transfection with DMEM containing 10% LPDS instead of FCS and supplemented with either 5 M simvastatin (stock in DMSO, Sigma) alone or co-treated with 0.25 mM mevalonate (stock in water, Sigma), 40 g/ml LDL (stock in water, Millipore), or 5 or 10 M PF-429242 (stock in DMSO, Sigma) for 24 or 48 h, respectively. Water or DMSO was used as vehicle controls. For experiments comparing the effects of FCS to LPDS, media were changed 36 h after seeding to DMEM with 10% FCS or 10% LPDS for an additional 24 h. For cells transfected with RHBDL4 mutants, treatments with 10% LPDS were started 12 h post-transfection for a duration of 24 h. Post-treatment, cells were lysed and prepared for SDS-PAGE analysis as mentioned above. All treatments were performed according to published data (30, 37, 39, 52) .
Western blot analysis
Samples were separated on 4 -12% bis-tris gels (Novex, NuPAGE, Invitrogen) for endogenous APP CTFs or 10 -20% tris-Tricine gels for co-transfected samples. The bis-tris gels were run with MES running buffer (Invitrogen). Proteins were transferred onto nitrocellulose with transfer buffer containing 10% ethanol. The following primary antibodies were used: 22C11 (Millipore); 6E10 (Covance); mouse anti-Myc (9B11, Cell Signaling); mouse anti-␤-actin (8H10D10, Cell Signaling); rabbit anti-V5 (D3H8Q, Cell Signaling); rabbit anti-FLAG (D6W5B, Cell Signaling); and Y188 (rabbit, Epitope: amino acids 750 -770 of APP 770; ab32136, Abcam). HRP-coupled secondary antibodies directed against mouse or rabbit IgG were purchased from Promega. Chemiluminescence images were acquired using the ImageQuant LAS 500 or 600 system (GE Healthcare).
Pulldown with biotinylated cholesterol
A total of 2 ϫ 10 6 HEK 293T cells were transfected with 10 g of DNA and 20 l of PEI. 36 h post-transfection, crude membrane extracts were prepared by scraping and douncing cells in PBS. Samples were split into six tubes, and membrane fractions were spun down at 10,000 rpm for 5 min. Membrane fractions were resuspended in lysis buffer (PBS ϩ 0.3% Nonidet P-40 ϩ 50 mM NaCl) and incubated with 20 M alkyne cholesterol (Sigma) in 38 mM methyl-␤-cyclodextrin overnight. Total cell lysates were taken as expression controls. 50 g of protein were then subjected to a click reaction (100 M tris(benzyltriazolylmethyl)amine, 20 M biotin-azide, 1 mM CuSO 4 , 1 mM tris(2carboxyethyl)phosphine) for 1 h at room temperature. Samples were diluted with PBS, and 50 l of neutravidin beads (Ther-moFisher Scientific) were added overnight. Beads were washed twice with lysis buffer and three times with PBS. Samples were run on 4 -12% bis-tris gels.
Quantitative real time PCR (RT-qPCR)
mRNA was isolated from HEK 293T cells using the Macherey and Nagel mRNA isolation kit. 2 g of RNA were transcribed into cDNA using the high-capacity cDNA reverse transcription kit (Applied Biosystems). RT-qPCR was performed using the SsoAdvanced SYBR Green supermix (Bio-Rad) on a CFX384Touch cycler (Bio-Rad). All primers were ordered from Integrated DNA Technologies and Origene. Primers used were as follows: APP forward (CCTTCTCGTTCCTGACAAGTGC) and reverse (GGCAGCAACATGCCGTAGTCAT); GAPDH forward (GTCTCCTCTGACTTCAACAGC) and reverse (ACC-ACCCTGTTGCTGTAGCCAA); and ␤-actin forward (CACC-ATTGGCAATGAGCGGTTC) and reverse (AGGTCTTTGC-GGATGTCCACGT). Primer efficiency for all primers was determined to be between 90 and 110%. Optimal melting temperature was determined to be 57°C as well as a 1:80 cDNA dilution. For normalization of APP gene expression, GAPDH and ␤-actin were confirmed to be stable and thus were used as reference genes. RT-qPCR was analyzed using the CFX Maestro software (Bio-Rad). Data are displayed as mean expression.
Bioinformatics
RHBDL4 sequences for 72 different species were taken from Uniprot (as of September 9, 2017), and sequence homology was analyzed with the Clustal Omega Multiple Sequence Alignment tool from EMBL-EBI. Degree of conservation was determined for CRAC in transmembrane sequence 6 and CARC in transmembrane sequence 3.
Homology model for RHBDL4
The homology model of the rhomboid domain of RHBDL4 (UniProt ID Q8TEB9, from Asn-26 to Glu-215) was constructed using the intensive homology modeling of the webbased tool Phyre2, which relies on multiple template modeling (53) . The templates that were selected for modeling are the crystal structures of GlpG from Escherichia coli (PDB code 3B45, chain A (54)) and Haemophilus influenzae (PDB code 2NR9, chain A (55)). This structural model was used to visualize potential intra-molecular interactions of RHBDL4 Low cholesterol stimulates RHBDL4-mediated APP processing that could help interpret observations from the site-directed mutagenesis data. Our choice of the homology modeling software is based on previous observations that Phyre2 can provide a reasonable description of the core structure of the protein (within 2-4 Å root-mean-squared deviation of the native protein structure) even when the sequence identity between the target and template sequences is within 20% (56) .
